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Abstract
This paper exploits some latest advances in structural equation modelling and latent class 
analysis for identification and mapping of the spatial variations in travel choices. The 
approach controls for a wide range of socioeconomic and demographic variables and 
changes in car fuel prices. The research is focused on employed and self-employed adults, 
and the method can be readily extended to cover other travellers where such needs arise. 
The developed methodology enables us to overcome some of the persistent issues that have 
in the past prevented researchers making a full use of highly correlated and endogenous 
variables found in good-quality, comprehensive travel surveys at the national or metropoli-
tan scales. Empirical findings from an application of the methodology for Great Britain 
provide a precise geographical classification of neighbourhoods areas across Britain and 
reveal the extent to which land use and built form influence commuting travel choices, 
whilst accounting for residents’ self-selection, spatial sorting and endogenous interactions 
among the explanatory variables. The results are cogent for defining spatially adapted strat-
egies for planning new transport and land use interventions, particularly in areas that are 
expected to grow the most in the coming decades.
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Introduction
Overview
This paper aims to identify and map spatial variations in travel choices after controlling 
for a wide range of socioeconomic and demographic variables and changes in car fuel 
prices. The research is focused on employed and self-employed adults, and the method 
can be readily extended to cover other travellers where such needs arise. The methodology 
exploits latest advances in structural equation modelling (SEM) and latent class Analy-
sis (LCA) of built environment characteristics in order to overcome some of the persistent 
issues that have in the past prevented researchers making a full use of highly correlated and 
endogenous variables found in good-quality comprehensive travel surveys.
The paper builds on the growing body of literature on the impact of built environment 
on travel (e.g. Handy et al. 2005; Van Acker et al. 2007; Mokhtarian and Cao 2008; Gao 
et al. 2008; Bohte et al. 2009; Cao et al. 2009; Ding et al. 2018) and the recent develop-
ments in applying latent clustering techniques to control for heterogeneity among individu-
als (e.g. Maldonado-Hinarejos et  al. 2014; Liao et  al. 2015; Delbosc and Naznin 2019; 
Jahanshahi et al. 2019). The conceptual developments made in a suite of our three recent 
papers: Jahanshahi et al. (2015) establishes an integrated path diagram for addressing self-
selection, spatial sorting, car ownership endogeneity and interactions among trip purposes; 
Jahanshahi and Jin (2015) incorporates latent class variables into SEM and thus better 
quantify the effects of different types of built-up areas; Jahanshahi and Jin (2016) embeds 
random intercept SEM to quantify more precisely the influences of self-selection and spa-
tial sorting in expanded market segmentation and built-up area typology.
The development and testing of the SEM–LCA methodology in this paper has been 
made possible through the provision by UK Department for Transport of a more compre-
hensive set of UK National Travel Survey (NTS) data with significantly improved resolu-
tion of socioeconomic, demographic, and geographical segmentations through a Transport 
Research Innovation Grant project funded and supported through an advisory group by UK 
Department for Transport. The findings are cogent for transport policy making, particularly 
in the suburban and exurban areas that have good access to the growing metropolitan cores.
Review of literature
There has always been very intense interest in how travel choice vary across different geog-
raphies. Some of this interest is placed upon identifying the influences of land use and the 
built environment on travel choices, since such influences have been considered power-
ful long term drivers of travel behaviour. Because such influences are mediated through a 
complex web of interacting demographic, socioeconomic factors concerning the travellers, 
and through the wider societal context such as cultural values, prices and technology, only 
very limited progress has been made to date. For those countries that have systematically 
collected good quality travel survey data, there have been considerable frustration in not 
being able to make the full range of variables regarding location, personal and household 
profiles in modelling travel behaviour.
For instance, in the UK the current approach to understanding spatial variations in travel 
bahaviour tends to focus on using deliberately crude categorization such as the population 
density of the settlements and a NTS-defined land Area Type (for definition of these see 
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built environment characteristics in Table 1). Headicar (2018) suggest that out of all pos-
sible categorisation the NTS Area Type is the preferred way of defining spatial variations 
of travel behaviour.
Recent years have also seen a growing body of literature that aims to identify more pre-
cisely the effects of land use and the built environment on travel demand through better 
controls for interdependencies between travellers’ socioeconomic and demographic pro-
files, social and cultural attitudes and car ownership. (Handy et al. 2005; Van Acker et al. 
2007; Mokhtarian and Cao 2008; Gao et al. 2008; Bohte et al. 2009; Cao et al. 2009; Sun 
et al. 2009; Robert and Murakami 2010; Silva et al. 2012; Sun et al. 2012; Zegras et al. 
2012; Jahanshahi and Jin 2015, 2016; Jahanshahi et al. 2015; Ding et al. 2018). Notably, 
Gao et  al. (2008) analyse the connections between job accessibility, workers per capita, 
income per capita and cars per capita with census tract data for Sacramento, CA by employ-
ing a Structural Equation Model (SEM) to capture endogeneity effects. They find that the 
error terms of many variables strongly correlate and a multivariate regression model would 
exaggerate the significance of their influences. Without the application of a SEM, it would 
not be possible to address such statistical biases that arise from the endogeneity effects.
Our previous papers (Jahanshahi et al. 2015; Jahanshahi and Jin 2015, 2016) have pro-
vided a systematic coverage of the SEM applications regarding temporal shifts in the inter-
dependencies, which means that we will focus here on additional literature that are cogent 
to analyses that combine LCA and SEM.
LCA is a technique to reduce the dimensionality of highly correlated variables such as 
those exist in the characterisation of complex phenomenon into a tangible list of distinct 
classes. Recent improvements in statistical methods have made it feasible to character-
ize heterogeneity among individuals or choices through latent classes behind individuals’ 
decisions—e.g. (Maldonado-Hinarejos et al. 2014; Liao et al. 2015; Delbosc and Naznin 
2019; Jahanshahi et al. 2019); Notably, de Ona et al. (2013) have used LCA in combination 
with SEM to classify traffic accidents and identify the main factors affecting accident rates; 
Beckman and Goulias (2008) have used LCA for classifying immigrants by their travel 
time, mode choice, and departure time for work to investigate the distinct effects of spa-
tial, social, demographic, and economic influences. More recent example is de Haas et al. 
(2018) who have used latent class and transition analysis to examine travel pattern classes 
and transitions between these classes over time.
As complex phenomena go, the built environment in a country is probably one of the best 
examples for being characterised by highly correlated variables. In the UK NTS survey, the 
built environment has been described through area type, population density, access to dif-
ferent forms of public transport, etc. (see Table 1). However, there has been few works so 
far that aim to employ LCA for identifying latent built environment classes. Categorizing 
geographical locations through latent class analysis can better quantify the built environ-
ment influences to inform land use and transport planning and investment. It would there-
fore appear of both theoretical and policy interest to incorporate LCA in examining the more 
complex and controversial aspects of the influences of built environment on travel behaviour.
To fill this research gap, our earlier work (Jahanshahi and Jin 2015) has started to 
develop a SEM with LCA to identify distinct built environment classes in Britain and vari-
ations in influences on travel patterns across them. However, this precursor research was 
restricted by the amount of spatial information that was available at the time. More recently 
the UK DfT have made more extensive NTS data available in response to this research 
need. It means that this paper can now make a significant extension to our earlier work by 
establishing a fully-fledged SEM–LCA model with more distinct (five as opposed to three) 
latent classes and which, for the first time, will lead to specific mapping of the geographical 
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variations of the interdependencies. Access to more rigorous data has also enabled us to 
demonstrate the advantages of exploiting SEM–LCA for spatial classification through 
comparison with alternatives where a subset of the components (e.g. Area Type) is consid-
ered. This is further discussed in Sect. 4.
Methodology
Figure 1 presents a diagram of the combined structural equation modelling—latent class 
analysis (SEM–LCA) framework. SEM–LCA consists of two sub-models: On the left of 
the diagram, the LCA characterizes a group of highly correlated indicators depicting the 
built environment (i.e. area Type, Population Density, and three types of accessibilities 
to public transport stations—for more detailed explanation, refer to the last two rows of 
Table 1) as a latent categorical variable. The identification of this latent variable (which we 
call latent classes for the rest of this paper) is also conditional on socioeconomic character-
istics of the travellers. This is then fed into the SEM on the right side of the diagram which 
is in effect a path model treating socio-economic and fuel price variables as exogenous 
explanatory variables and car ownership as an intervening variable. 
The LCA approach is similar to Factor Analysis (FA): Both LCA and FA are to con-
struct latent variables from observed indicators, but the estimated latent variable is con-
tinuous for FA and discrete (or categorical) for LCA. In particular, LCA is focused on 
grouping the travellers facing distinct patterns of indicators into classes (i.e. identifying 
distinct latent classes and estimating the probability of latent class membership), and is 
thus a respondent-centered approach (Wang and Chen 2012).
Model estimation is carried out in two stages: first, we use conditional LCA to identify indi-
viduals who reside in different geographical locations by estimating individuals’ built environ-
ment class membership conditional on their socioeconomic and demographic profile; second, 
the SEM is used to account for the interdependencies among the residents’ socioeconomic 
Fig. 1  A SEM–LCA conceptual model for identifying travel choice outcomes
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and demographic profiles, their car ownership status, and the different journey purposes in the 
quantification of the direct and indirect influences on the travel outcomes. The second stage 
estimation is performed conditional on the class membership which is estimated in the first.
To formulate the first stage, let Yij be the jth indicator variable (i.e. population density, 
area type, etc.) of the built form latent class variable, Ci for individual i. As all our indica-
tors are ordered categorical variables, we can formulate the link function by defining an 
underlying continuous variable, Y∗
ij
 such that
where Ci , our latent class variable (i.e. built form), takes values 1, … ,k and 휏kj,s are a set of 
threshold parameters.
Conditional on regressors X (i.e. socioeconomic characteristics in our case) we can then 
present the link function as:
The normal distribution assumption for 휀ij is equivalent to a probit regression for cat-
egorical variable Yij on Xi with the following probability function:
The class membership probability conditional on X is given by multinomial logistic 
regression with the following formula:
The joint probability of indicators or observed data likelihood is then given by:
EM algorithm is then used for estimating the parameters and class membership where 
the latent variable Ci is treated as missing data. We first compute the posterior distribution 
for the latent variable. The posterior conditional joint distribution is calculated as:
which is estimated given the parameters.
Given the class membership, model parameters are then estimated through maximising 
Eq. (5). The model is solved iteratively until reaching convergence.
Equations (7)–(9) specify the structural equation model which is estimated within each 
latent class for the second stage of our modelling. The subscript for latent class member-
ship is dropped here for simplicity.
(1)Yij = s|Ci = k ⇔ 𝜏kj,s < Y∗ij < 𝜏kj,s+1)
(2)Y∗ij |Ci = k, xi = 휈kj + KkjXi + 휀ij
(3)Pr
(
Yij = s|ci = k
)
= 훷
[(
휏kj,s+1 − 휈kj − KkjXi
)]
−훷
[(
휏kj,s − 휈kj − KkjXi
)]
(4)Pr
�
Ci = k�Xi
�
=
exp
�
훼k + 훾kXi
�
∑k
s=1
exp
�
훼s + 훾sXi
�
(5)Pr
(
Yi1… YiJ
)
=
∏
i
c∑
k=1
Pr
(
Ci = k
)∏
j
Pr
(
Yij = s|ci = k
)
(6)Pr
�
Ci = k� ∗
�
=
Pr
�
Ci = k
�∏
j Pr
�
Yij = s�ci = k
�
∑c
k=1
Pr
�
Ci = k
�∏
j Pr
�
Yij = s�ci = k
�
(7)Yij = 휈j + KjXij + 휖ij
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where Yij refers to the ith respondent and jth vector of a dependant variable (e.g. travel dis-
tance for commuting to work) and Xij is the vector of all individual level covariates. 휈j and 
Kj are the vectors of intercepts and the matrices of regression parameters correspondingly.
휖ij is a vector of residuals with a mean of zero and covariance 훩 . Where the jth observed 
dependent variable, Yij , is a normally distributed continuous variable (i.e. the distance and 
time travelled by journey purpose), the residual variable 휖ij is assumed normally distrib-
uted. For a dichotomous variable Yij (i.e. car ownership), a normality assumption for 휖ij is 
equivalent to the probit regression for Yij on Xij.
The observed-data likelihood is given by:
where fij is the likelihood function for Yij.
The expected log likelihood is then maximized with respect to model parameter 
estimation:
In order to avoid being trapped in a local maxima for log likelihood estimation, we use 
many different sets of starting values in the iterative maximization procedure. Mplus, the 
software we are using for estimating SEM–LCA,1 by default uses 100 different starting 
values and then selects the best 10 to run to convergence. The software then reports the 
maximum likelihood achieved for each converged run. In cases where the maximum likeli-
hood is not replicated, we increase the number of runs to be converged to ensure that the 
maximized value of the likelihood function is replicated.
Data sources
For this paper we use the National Travel Survey (NTS) data for 2002–2015 which forms 
a consistent time series of the survey that is reasonably representative for the UK.2 We 
have focussed on employed and self-employed adults between 16 and 64 years old in this 
paper, because they represent the most mobile group of the population; the approach can 
be expanded to cover the entire population. There are a total of 1.3 million trips and 11.7 
million passenger miles travelled for commuting, shopping and other journeys by the 
adults. For each journey the NTS provides a household weight to account for non-response 
and a trip weight for the drop-off in the number of trips recorded by respondents during 
the course of the survey week, uneven recording of short walks by day of the week and 
the short-fall in reporting long distance trips. This is to ensure the data is representative of 
travel of an average week for the population as a whole.
(8)
∏
ij
fij(Yij)
(9)
∑
ij
log(fij
(
Yij
)
)
1 We used explanatory factor analysis, structural equation modelling and mixture modelling commands—
for more information on Mplus, refer to https ://www.statm odel.com; accessed 11 April 2019.
2 From 2002 to 2012 the NTS data have maintained excellent stability in data collection methods and vari-
able definition, covering all countries of the UK. However, from January 2013, the coverage of the NTS 
have been reduced to sample residents of England only. The time series 2002–2015 has been selected in this 
context as a reasonably representative sample for Great Britain.
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The NTS data is organised in nested relational tables of households, individuals, long 
distance journeys prior to the survey, days within the survey week, journeys made during 
the survey week, the stages of these journeys and vehicles (Morris et al. 2014). Based on 
previous NTS analysis and large number of experiments, we have selected all the main 
attributes for households, individuals and their trip-making (Table 1).
Given its importance to travel choices, we also added fuel prices as a non-NTS vari-
able. The fuel price information is collected from “monthly and annual prices of road fuel 
and petroleum products” dataset updated monthly by the Department of Business, Energy 
& Industrial Strategy (https ://www.gov.uk/gover nment /stati stica l-data-sets/oil-and-petro 
leum-produ cts-month ly-stati stics , accessed 03/05/2017). The premium unleaded price 
which is used for our analysis are adjusted by Retail Price Index (RPI) to constant prices 
for January 2002. The adjusted fuel price data is then linked to the NTS dataset based on 
the month and year of the survey records for each surveyed household.
Main findings
We summarise the main findings of SEM–LCA as follows:
In Sect. 4.1, we first present the definition of latent built environment classes, with the 
unconditional and conditional probabilities for individuals to be in each class. Second, we 
compare the socioeconomic and demographic profiles of residents within the built environ-
ment latent classes. Third, within each built environment class, we explore influences on 
weekly travel distance and travel duration by journey purpose after controlling for interac-
tions among journey purposes as well as endogeneities arising from self-selection, spatial 
sorting and car ownership.
Section 4.2 compare latent classes with conventional classification by NTS Area Type 
or population density to demonstrate the advantages of the developed methodology.
Section  4.3 presents the mapping of latent classes and compare that with NTS Area 
Type in terms of geographical distribution.
Finally in Sect. 4.4, to further validate the model findings, we compare the commuting 
travel elasticities implied by the SEM–LCA model with those provided in WebTAG.3
Latent classes of the built environment
Out of all the built environment attributes from NTS, five variables—namely “area type”, 
“population density”, “frequency of local buses”, “walk time to bus stop”, and “walk time 
to rail station” are found to have large FA loading factors suggesting that they should 
be included in defining the latent built environment classes. The conditional LCA iden-
tifies five latent built environment classes with an entropy of 0.737, which suggests that 
the latent classes are well defined. Table 2 has listed the five latent classes and our nomi-
nated labels for them. The following paragraph describes the classes’ characteristics which 
have prompted us to the tentative names.4 
3 WebTAG Unit M2 published by UK Department for Transport provides the guidance on travel demand 
modelling, including benchmark trip-km elasticity with respect to fuel price.
4 The entropy measure is defined on a zero to one scale with the value of one indicating the individuals 
are perfectly classified into the latent classes and zero not at all. The entropy of over 0.7 is considered as an 
indication of good classification (Wang and Wang 2012).
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Panel 3a of Table 3 shows the unconditional probabilities of individuals belonging to 
each latent class (LC). Based on the estimated model, classes 1 to 5 contain respectively 
8%, 17%, 38%, 22% and 14% of all working adults. Conditional probabilities further reveal 
the patterns of the latent classes (LCs) benchmarked by the specific characteristics of the 
built environment (Panel 3b). For example, residents in Latent Class 1 (LC1) consist of 
not only those from the central, inner and outer London (of respectively 4%, 61%, 21%) 
but also some from big urban areas (11%)—see Panel 3b-1. The members of this class 
also reside in the densest areas (see Panel 3b-2) and benefit from the most frequent buses 
and highest level of accessibility to public transport (see Panel 3b-3 to 3b-5). These char-
acteristics of the residents in this latent class prompt us to label them as ‘Metropolitan 
Core Dwellers’. Similarly, the dominance of residents from outer London and metropoli-
tan urban in Latent Class 2 (LC2, 59% of this class), the dominance of small urban to big 
urban and outer conurbation areas in Latent Class 3 (LC3, 92% of this class), the domi-
nance of the small urban and rural areas in Latent Class 4 (LC4, 87% of this class) and the 
absolute dominance of rural areas in Latent Class 5 (LC5, of 99% of residents) give rise to 
our labeling them as ‘Outer Metropolitan Dwellers’, ‘Suburban Dwellers’, ‘Exurban Dwell-
ers’ and ‘Rural Dwellers’ respectively.
Figure 2 portrays the composition of LCs by NTS Area Type to give a first sense of 
geography. Almost all those in central London and 95% of the residents in inner London 
belong to LC1. However, other area types contain increasingly a mixture of the latent 
classes, suggesting that it would be necessary to explore in more depth. There is clearly 
some association between the LCs and the Area Types, but on the other hand considerable 
differences.
The average population density for each portion of the LC that is within a NTS Area 
Type is also displayed in Fig. 2 (the white labels). It is clear that the LCs have been able to 
identify distinct population density levels. For instance, for the Inner London Area Type, 
the LCs have picked up three parts of distinct population density, respectively at 94.0, 36.6 
and 21.6 persons/ha for LC1–3. At the other end of the spectrum, the Rural Area Type has 
been segmented into LC3–5 respectively for density levels of 44.0, 9.1 and 1.1 persons/ha.
By definition, the LCs also interacts with the socioeconomic and demographic profiles 
of the residents. In defining the LCs, the conditional LCA estimates socioeconomic and 
demographic covariates. This in effect controls for self-selection and spatial sorting of the 
residents, and the model outcomes show that such controls often have a material bearing 
on the results.
The analysis of demographic and socioeconomic variables are reported through odds 
ratios with one of the LCs designated as a reference class. This is shown in Table 4 where 
LC5 is chosen as the reference class. An odds ratio higher than 1.0 indicates a higher likeli-
hood than in the reference class, and vice versa.
Table 2  Tentative names of the 
latent classes Latent class number Tentative names
LC1 Metropolitan Core Dwellers
LC2 Outer Metropolitan Dwellers
LC3 Suburban Dwellers
LC4 Exurban Dwellers
LC5 Rural Dwellers
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Unsurprisingly, Table 4 suggest that working adults who reside in LC1 are more likely 
to come from 1 adult households, and have full time working status; professionals and 
skilled manual workers are more likely to be found in LC5.
These results reconfirm our earlier SEM work (Jahanshahi et  al. 2015). However, the 
findings from SEM to LCA provide more precise interpretation. For instance, while our 
earlier work suggests that on average higher income groups tend to live in denser, more 
urbanized areas, here the SEM–LCA shows precisely the higher likelihood for residing in 
London and Metropolitan areas (LC1–2). When it comes to comparing LC3–4 with LC5, 
there is a clearly quantification of the likelihood for high income groups to reside in LC5. 
These nonlinear patterns cannot be captured from the earlier, path-diagram-based SEM.
Tables 5, 6 and 7 further report the results of the influences upon car ownership, travel 
distance, and travel time across the LCs. The use of the LCA with SEM provides a unique 
opportunity to decompose more precisely the influences for each of the demographic and 
socioeconomic variables by LCs. Furthermore, to identify the additional insights of incor-
porating a categorical built environment variable in the SEM model, we compare results 
from SEM to LCA with those from a constrained SEM where the model parameters do 
not vary across the built environment classes. This constrained SEM is typical of the 
existing models that do not account for the specific influences of the built environment 
characteristics.
The model intercepts and coefficients can help to quantify the levels of influences of the 
demographic and socioeconomic variables in the context of the built environment latent 
classes. Whilst an intercept represents the average level of car ownership, travel distance 
or travel time of the reference segment (to aid intuitive interpretation of the model outputs, 
in all tables we define a reference segment of residents who are female, part time working 
Fig. 2  Composition of built environment latent classes by NTS area type. Note: the white labels are the 
average population density for each area type—LC combination
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in white collar clerical occupations with more than one adults and a household income 
of 25–50 k per year), the coefficients indicate how much influence a change in the demo-
graphic and socioeconomic profiles has. The rest of the model results provide opportunities 
to compare the car ownership, travel distances or travel times both within each column 
(i.e. holding the built environment class constant and decompose the influences of demo-
graphic, socioeconomic and car ownership characteristics) and across the columns for each 
row (i.e. to identify the influence of the built environment given a particular demographic, 
socioeconomic and car ownership profile). Furthermore, we use Wald tests to examine the 
statistical significance of differences in influences across built environment latent classes. 
For simplicity, we report the Wald test results of comparing the first and the fifth classes as 
the two extremes; this should be sufficient to show if there exists significant variations in 
influences.
The values for the demographic, socioeconomic and car ownership variable rows are 
additive within each column for travel distance and travel time. This allows the readers to 
work out the specific distances or time travelled for an arbitrary type of resident. For car 
ownership which is estimated by probit regression, the interpretation is not as straightfor-
ward. The increase in probability attributed to one-unit increase in a given predictor is also 
dependent on the reference value of that predictor. This is because the link function for 
the probit model follows a nonlinear distribution function of the standard normal. Table 5 
shows the influences on car ownership across built environment latent classes. In particu-
lar, 1 adult households, manual workers, and lowest income groups are more likely to have 
no car when compared with the reference segment, whilst skilled manual, professionals 
and high income groups are more likely to have a car in their household. Also, the increase 
in fuel price is associated with foregoing cars.
The main benefit of SEM–LCA is the insights we get from a comparison across built 
environment classes which demonstrate significant variations for some socioeconomic 
groups. Single adult households are more likely to have no access to car but the gap in 
the level of car ownership is bigger in more rural areas. There is also evidence of sig-
nificant variations across built environment classes for low income households and manual 
and skilled manual workers. The difference in car ownership between manual workers and 
white collar clericals (reference segment) is bigger for exurban and rural dwellers than that 
in other classes, specifically ‘Metropolitan Core’ areas; for skilled manuals, however, this 
difference is bigger in ‘Metropolitan Core’ and ‘Outer Metropolitan’ areas while it is not 
significant in ‘Exurban’ and ‘Rural’ areas. This suggest that this is the white collar cleri-
cals who are more prepared to forgo their cars by living in more dense urbanized areas. 
The difference in car ownership between low, high and medium income households is also 
significantly larger outside ‘Metropolitan Core” areas again due to the willingness of the 
higher income households to have a lower level of car ownership when living in central and 
inner London and some Metropolitan areas. The model results show that the influence of 
fuel prices on car ownership varies significantly across classes. Fuel prices seem to have 
significant influence on car ownership only in “Metropolitan Core” and “Outer Metropoli-
tan” areas and the “Metropolitan Core” (i.e. mainly Central and Inner London) coefficient 
is three times of that of “Outer Metropolitan” areas. This suggests that in transport models 
and for evaluating policies, the segmentation by built environment classes is crucial.
Table 6 shows the influence on distance travelled for different purposes across the latent 
built environment classes. The first line of the model outputs in Panel 6a shows that the ref-
erence group differ in their average weekly commuting distances among the five built envi-
ronment classes: ‘Metropolitan Core” dwellers travel 16.4 miles per week, Rural dwellers 
12.7 miles, and in other areas somewhere between these two extremes. Similarly the first 
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lines under Panel 6b and 6c in Table 6 show that for shopping and other travel purposes, 
the more rural the area, the longer the distances travelled which is intuitive. As expected, 
the reference segment residents commute well below the working adult average of 28.7 
miles per week for all classes, but for shopping (for which the average weekly distances 
travelled is 10.4) they travel shorter than the average in more urbanized areas and longer in 
the rest.
The general patterns of smaller coefficients for the “Metropolitan Core Dwellers” and 
“Outer Metropolitan Dwellers” (i.e. relative to its model intercept), and the large ones for 
other latent classes indicates that the variations in travel distance and duration across socio-
economic groups is smaller and that the built environment explains much of the travel in 
the first two classes; for other areas, however, demographic and socioeconomic profiles 
have much bigger role to play. For instance, the commuting distance coefficients for high 
income households (Households with income more than £50 k) in the ‘Metropolitan Core’ 
and ‘Outer Metropolitan’ classes are respectively 0.9 (and not significant) and 3.5, which 
shows that by virtue of the higher income, such commuters travel more relative to the ref-
erence segments (i.e. by 5.4% and 28% respectively). By contrast, commuters from high 
income households in ‘Exurban’ and ‘Rural’ areas travel respectively 67% (coefficient 4.7 
divided by intercept 7) and 37% (4.7/12.7) more. This pattern is mirrored by the commut-
ing distances for commuters from households with less than 25 k income per year. Simi-
larly, households with no cars in ‘Metropolitan Core’ areas travel similar distance to those 
with car, whilst those in ‘Rural’ areas travel 11.1 miles less. The rest of built environment 
classes sit in order between these two extremes.
The results are intuitively correct and they provide a substantially more robust set of 
quantifications of the influences upon distance travelled by working adults. For instance, 
many existing models simply suggest that those households with no cars tend to travel 
much shorter distances than those with cars. However, when we take account of the varia-
tions in travel distance across built environment classes, then we see that this is mainly the 
case in ‘Exurban’ and ‘Rural’ areas but not in ‘Metropolitan Core’ areas.
Table 7 shows the influence on travel time for different purposes across the latent built 
environment classes. Unlike travel distance which is longer for those from reference group 
residing in the two extreme classes (i.e. ‘Metropolitan Core’ and ‘Rural’ dwellers), the 
intercept values in Table  7 suggest that, with the exception of shopping trips, residing 
in less dense areas is generally associated with longer travel in time. For instance, those 
live in the ‘Metropolitan Core’ and ‘Outer Metropolitan’ areas spend 102.6 and 94.5 min 
per week respectively whilst those in ‘Rural’ areas spend 63.3 min for commuting. These 
results show that the influence is not monotonic; the commuting distance is shorter for 
‘Suburban’ and longer for ‘Metropolitan Core’ and ‘Rural’ areas. In terms of commuting 
time, the longest travel times occur in “Metropolitan Core and Outer Metropolitan” areas, 
with the rest of area types having broadly similar travel times.
Table 7 suggests that the built environment influence is larger for commuting trips when 
compared with shopping and other travel purposes (with the exception of Travel time for 
other purposes which significantly longer for ‘Metropolitan Core’ dwellers). Among the 
most significant influences, part–time workers spend more time for commuting in ‘Other 
Metropolitan’ than ‘Rural’ areas. This is also the case for manual and skilled manual work-
ers. The most striking difference is for car ownership with those with no access to car tend 
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to travel relatively 18.1 min, 24.6 min, and 20.8 min longer when residing in ‘Metropolitan 
Core’, ‘Outer Metropolitan’, and ‘Suburban’ areas respectively.
At the first glance these results might seem unexpected. However, it can be better under-
stood through comparing against influences on travel distance reported in Table 6. While 
a typical main stream full time workers tend to live closer to their workplace in denser 
urban areas, skilled and unskilled manual workers and those with no access to car tend to 
make shorter commuting distances in more rural areas. This can be explained by the latter 
groups’ reliance on public transport specifically when they reside in denser urban areas. 
We also suspect the recent surge in house prices may have played a role in this pattern, as 
the low and medium income households have increasingly found it hard to secure housing 
in dense, job rich areas.
The goodness of fit statistics prove the better fit when the model allows variations in 
influences across latent classes (see Table 8). This confirms our previous findings of the 
significant influence of built environment upon travel. The goodness of fit of the model 
when benchmarked against conventional area type classification is reported in Sect. 4.2.
A comparison of travel choice identification: latent class versus area type 
and population density
Table  9 compares the distribution of the standard travel outcomes across our estimated 
Latent Classes or LCs (panel a) with those across conventional NTS Area Types (panel b) 
and population density bands (panel c). The comparison clearly demonstrate that far more 
distinct identification of travel choices can be achieved through the latent class classifi-
cations. In addition, the latent classes have identified more distinct behavioural responses 
when compared with travel outcome variations across area types and population density 
bands. This is in spite of the fact that travel outcomes themselves do not contribute in 
defining the LCs—as explained above, conditional latent classes are defined based on built 
form indicators and conditional on socioeconomic characteristics.
For instance, Table 9 (panel a) shows that, for classification by latent classes, the aver-
age travel distance is ranging from 6.9 miles to 11.6 miles with a uni-direction progression 
in the distribution. This range is smaller for population density (7.1 miles to 10.9 miles) 
and not uniform for area type classifications—e.g. Outer London is associated with the 
travel distance of 9.2 miles, the second longest after Rural areas.
Table 8  Goodness of fit 
statistics: constrained model 
versus model allowing variations 
across classes
AIC
Travel distance model
 Constrained model 1,506,408
 Model allowing variations across classes 1,505,235
Travel time model
 Constrained model 1,975,133
 Model allowing variations across classes 1,974,520
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Table 9  Comparison of travel outcome distribution across different spatial classification
(a) Latent classes
(b) NTS area types
(c) Population density bands
Average travel 
distance (miles)
Average travel 
me (minutes)
% of private 
mode
% of public 
Transport
LC1 6.9 32.7 35% 59%
LC2 8.0 28.1 64% 33%
LC3 8.3 23.5 80% 18%
LC4 9.9 23.5 84% 14%
LC5 11.6 24.1 88% 11%
Average travel 
distance (miles)
Average travel 
me (minutes)
% of private 
mode
% of public 
Transport
Central London 4.6 28.3 12% 78%
Inner London 6.2 33.8 26% 67%
Outer London 9.2 35.2 48% 50%
Metropolitan areas outs 6.7 24.5 75% 21%
Outer Conurbaon 7.5 23.8 83% 14%
Urban areas >250k popu 8.5 24.7 76% 21%
Urban areas 100k-250k p 8.3 22.7 79% 18%
Urban areas 25k-100k po 9.0 22.8 79% 19%
Rural areas <25k populat 10.8 23.8 87% 12%
Average travel 
distance (miles)
Average travel 
me (minutes)
% of private 
mode
% of public 
Transport
>50 7.1 29.9 43% 38%
35-50 8.0 26.0 66% 19%
20-35 8.3 24.2 71% 14%
5-20 9.0 23.7 76% 10%
<5 10.9 24.1 83% 6%
Table 10  Goodness of fit 
statistics: constrained model 
versus model allowing variations 
across classes
AIC
Travel distance model
 Model (a)—area type 809,024
 Model (b)—latent class 702,845
Travel time model
 Model (a)—area type 1,274,337
 Model (b)—latent class 1,168,718
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Further, to illustrate the advantages of adopting the latent class methodology, derived 
in this paper, for modelling travel outcomes, we compared two sets of models: model 
(a) where the observed NTS Area Types are used as classes and the influences on travel 
are allowed to vary across those and model (b) where instead of area types, we used the 
derived latent classes through allocating each individual to their most likely latent class.5 
Table 10 shows the comparison results for travel distance and travel time models which 
shows significantly better explanatory power for model (b).
Spatial mapping of the latent classes
How do the LCs spread in geographic space? The SEM–LCA results provide, for the first 
time, a new opportunity to map the distinct patterns of travel behavior using consistent 
NTS time series data. Conditional LCA provides the class membership likelihood of each 
sampled individual in the NTS sample. Here the UK National Transport Model (NTM) 
zones (which cover all Great Britain) has made it possible to map the LCs for the first 
time. Figure 3 (panel b) reports the results with eight types of areas: five types to repre-
sent areas that are dominated by one latent built environment class (with likelihood of over 
70% of residents matching that particular built environment class) and three in-between 
types acknowledging the existence of highly mixed composition of two adjacent class types 
(where neither type has a probability of more than 70%)—this is particularly the case out-
side LC1. In addition, Fig. 3 (panel a) presents the spatial distribution of area types as a 
reference for comparison. The comparison clearly demonstrates more distinctive patterns 
offered by the latent classes. For instance, NTS classification of area types has defined 
Newcastle as a metropolitan area with its immediate surrounding area as outer conurbation. 
Latent class analysis, however, has offered more detailed classification of three types (i.e. 
LC2, LC3, and LC4) with better distinction and clear spatial connections.
5 The alternative is to weight individuals by their class membership probability which would have given 
better goodness of fit. However, we use the simpler most likely class membership to allow like with like 
comparison to area type classifications.
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Fig. 3  A map of latent classes in comparison with NTS area type
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Fig. 3  (continued)
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Commuting distance and time elasticity with respect to fuel price
This section applies the developed model to estimate commuting distance and time elastic-
ity with respect to 10% increase in fuel price. Comparing these results against WebTAG 
guidance serves as a further validation for the estimated model.
Table 11 summarizes the main assumptions made for estimating the fuel price elasticities; 
part (a) reports the average unleaded petrol cost, 10% of which (i.e. 8.3 pence) used as the 
assumed increase in fuel price, and the share of travel distance by car which is used to convert 
the elasticity over all modes to that for cars (i.e. by dividing total elasticity by 70% share of 
commuting distance by car). Part (b) provides average commuting distance and time for all 
employed adults; this information is used as the reference values in calculating elasticities.
Table 12 summarize the model response to 10% increase in fuel price; part (a) reports 
the coefficients for fuel price influences on commuting distance and time extracted from the 
constrained model for all employed adults. The constrained model is the model for which 
variations in coefficients across built environment classes are kept constant (i.e. when the 
average influences across all classes are estimated) These coefficients are then used to cal-
culate changes in travel distance and time as a result of 10% increase in fuel prices. Part (b) 
to part (d) of Table 12 report these implied changes in terms of absolute value (refer to part 
b) and percentage change over all modes (part c) and cars (part d).
The results show that the implied car-km elasticities with respect to fuel price are in 
the same range of those suggested in WebTAG 6 (refer to part (d) of Table 12). Meeting 
WebTAG realism test for fuel price is reassuring, suggesting that our model estimation of 
fuel price is in line with what has been found in existing literature. Additionally, as shown 
in Sect. 4.1, our models show significant and nonlinear variations in fuel price influences 
across built environment classes.
Table 11  Information and 
assumptions for calculating fuel 
elasticity
The data represents outbound travel by employed adults in an average 
7-day week. It excludes any return trips since the return trips cannot 
be classified as precisely by travel purposes
a Refer to page 33 of NTS report (https ://www.gov.uk/gover nment /
uploa ds/syste m/uploa ds/attac hment _data/file/55143 7/natio nal-trave 
l-surve y-2015.pdf)
Part a) Information extracted from 2015 NTS  reporta
 Average unleaded petrol price (2002 to 2015) 83 pence
 Percentage of travel distance for commuting by car 70%
Part b)Information derived from NTS data (2002 to 2015)
 Average commuting distance (weekly) 28.5
 Average commuting time (weekly) 79.67
6 TAG unit M2: Variable Demand Modelling.
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Policy implications
The main purpose of this paper is to develop a new methodology for identifying and map-
ping spatial variations in travel choices. The empirical test reported above using the UK 
NTS data shows that this methodology, benefiting from the full range of good-quality 
travel survey and car fuel price data, reveals new geographical classifications that define 
distinct land use and built form areas for travel behaviour analyses in more confident ways 
than in existing literature. For such analyses, leading scholars in the UK have long made it 
clear their own reservations and criticisms regarding the use of the NTS Area Type (Banis-
ter 2002; Headicar 2009; WSP 2005), although the NTS Area Type has so far been the only 
working option for policy-oriented analyses (Stillwell et al. 2018).7
The fact that the analytical findings from this new methodology can pinpoint more 
precisely the distinctive patterns of travel behaviour means that the SEM–LCA approach 
can open up new perspectives in policy analyses. The travel behavioural patterns may also 
be connected with other mapping of human behaviours, such as political voting, political 
opinions, business clusters, personal and public health, etc. The full implications will take 
Table 12  Commuting distance and time response to 10% increase in fuel prices
The data represents outbound travel by employed adults in an average 7-day week. It excludes any return 
trips since the return trips cannot be classified as precisely by travel purposes
***Significant within 99% CI, **significant within 95% CI, *significant within 90% CI
a This is calculated as: fuel cost influence on commuting distance for constrained model (i.e. 
− 0.007)*10%*average fuel cost (i.e. 83 pence). The rest are calculated in similar way by using their associ-
ated information
b This is calculated by dividing absolute change over the associated average distance or time from Table 10
c This is calculated by dividing percentage change over all modes by the percentage of commuting distance 
by car (i.e. 70%). The percentage of car travel distance is assumed to be constant over all income bands
Average 
employed 
person
Part a) Coefficients for fuel price influences on commuting distance and time
 Commuting distance − 0.07***
 Commuting time − 0.21***
Part b) The effect implied by the coefficients of 10% increase in fuel price over all modes—absolute 
change
 Commuting distance (miles per week) − 0.581a
 Commuting time (minutes per week) − 1.743
Part c) The effect of 10% increase in fuel price over all modes—percentage  changeb
 Commuting distance (miles per week) − 2.04%
 Commuting time (minutes per week) − 2.19%
Part d) The effect of 10% increase in fuel price on car travel—percentage  changec
 Commuting distance (miles per week) − 2.9%
 Commuting time (minutes per week) − 3.1%
7 Please refer to Paper 4 of https ://asset s.publi shing .servi ce.gov.uk/gover nment /uploa ds/syste m/uploa ds/
attac hment _data/file/67456 8/analy sis-from-the-natio nal-trave l-surve y.pdf.
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time to become clearer. Apart from recognising the potential in these areas, it would be 
difficult for us to pre-judge how far it could go in connecting up the mapping from those 
diverse disciplines.
Nevertheless, some of the implications for policy are already emerging. These would 
include:
First, the SEM–LCA methodology provides a new way to identify highly heterogenous 
patterns of personal choices across the urban and rural geographies, whilst accounting for 
self-selection, spatial sorting, endogeneities, and interactions among the explanatory vari-
ables. The capability of discerning amongst the diverse segments of travellers is particularly 
important, especially in the context of continuing growth in the proportion of women, part-
time and flexi-time workers, and self-employed workers changes (Palmer 2014; Carl et al. 
2014). Those growing segments represent very different travel needs compared with those 
of the dominant conventional full-time commuters. Insights into the differentiations amongst 
the traveller segments would inform better transport policies to mitigate social exclusion.
Secondly, the improved geographical precision in mapping the choices and preferences 
of travel would inform better tailored land use and transport policies at a local level. The 
model results presented above account for the interdependencies among residents’ demo-
graphic and socioeconomic profiles, car ownership, travel demand and the built-form. For 
instance, at the edges of the large metropolitan areas, the approach to sustainable, green 
and low carbon travel may need to account for the fact that the residents are far more car 
dependent, and therefore require locally adaptive policies to progress with policy and regu-
lation. The mapping presented above would provide neighbourhood level information for 
the policy discussions.
Thirdly, the findings above provide concrete geographical classification across Britain 
and reveal the extent to which the travel patterns vary. This is cogent for defining spatially 
adapted strategies for planning new transport and land use interventions, particularly in 
view of the devolved local transport planning and investment responsibilities to munici-
pal and subnational authorities, such as those progressing with the Oxfordshire 2050 Plan 
(https ://oxfor dshir eplan .incon sult.uk/consu lt.ti), those aiming to implement the Cam-
bridgeshire and Peterborough Independent Economic Review (https ://www.cpier .org.uk/), 
and more generally along the Oxford-Milton Keynes—Cambridge Arc, in the West Mid-
lands, Greater Manchester, the Bristol-Bath areas etc.
Fourthly, the findings points to the main challenges in sustainable transport develop-
ment in the coming decades. They show that it is in LC3 and LC4 (i.e. smaller cities and 
towns near the main metropolitan areas) where in spite of considerably higher residential 
population density, those areas have very similar patterns of commuting travel to those 
living in LC5 (rural areas, mostly remote). Such areas are most frequently found at the 
edge of the metropolitan areas or in those devolved mayoral authorities which have expe-
rienced significant growth, and are aiming to achieve even more jobs and housing growth 
in the coming decades. Unlike what is commonly believed in the land use planning and 
urban design circles, in such areas achieving the equivalent residential densities to those 
observed in LC2 (larger metropolitan built up areas) would be insufficient to alter commut-
ing travel behaviour. What appears to be necessary is to implement systemic changes in 
land use, built form and transport supply before their commuting patterns converge to those 
observed in LC1 and LC2.
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Conclusions
This paper sets out to investigate geographical patterns of the interdependencies among 
the main factors that influence car ownership, travel distance and travel time of employed 
adults in the UK, controlling for a comprehensive range of socioeconomic, demographic 
and built-form attributes as recorded by the UK National Travel Survey (NTS) and car fuel 
prices recorded by the Department of Business, Energy & Industrial Strategy. The research 
has developed a new approach for spatial classification of distinct travel choices. We also 
set out the main policy implications that have thus far emerged from the analysis.
Methodologically, the research exploits a new combination of structural equation mod-
elling with latent class analysis to analyse a comprehensive set of UK NTS variables. Addi-
tionally, it has shown how the methodology allows the incorporation of data from alterna-
tive sources (in this case fuel prices as a non-NTS variable). The outcome is the mapping 
of five specific types of built environment classes that have distinct and non-linear influ-
ences upon commuting travel, after rigorous controls of self-selection, spatial sorting and 
endogeneity effects. We have shown that the new classification have provided new insights 
in capturing variations in travel choices when compared with the conventional spatial clas-
sifiers (e.g. area type which is used as the basis for zonal definition in the current version 
of the National Transport Model (version 2) and National Trip End Model, as well as a 
whole range of existing analysis of travel behaviour). Compared with the classification by 
area type and population density, latent classes offer more distinct identification of travel 
choices with larger variations of travel across classes.
Building on the technical discussions above, the findings highlights the need for pos-
sible new policy interventions in transport and land use planning. The findings show that 
car ownership and travel choices are highly heterogeneous across settlements. A small pro-
portion (around 8%) of the population have already adopted behaviours typical of Dense 
Urban areas where car ownership and use have become secondary, but the majority behave 
in a similar way to those in Rural areas which are highly car dependent. The most interest-
ing cases are, however, the smaller cities and towns which are found in the peripheries 
of metropolitan conurbations and urban settlements down to 25,000 people. The mapping 
of the area classes show that these areas include many of the innovative, high job growth 
areas like the M4 corridor outside London, Oxford, Milton Keynes, Bedford, Northamp-
ton, Peterborough and the M11 Corridor up to Cambridge, where major transport and land 
use initiatives are being launched to support sustainable development. We expect that it is 
in these high growth areas that the SEM–LCA will pick up car ownership and travel behav-
iour change in the future through NTS and other sources.
Although this research has postulated the first attempt in mapping and incorporating the 
geographical dimension in analyzing the heterogenous influences on travel behaviour, we 
are only at the start of exploiting the potential of this new method. First, the method can 
be further enhanced through the inclusion of more non-NTS and geographically specific 
variables in future work. For instance, the latent classification can create a basis for data 
fusion through mapping the data available at more aggregate spatial level. Second, the spa-
tial classification of the human behaviors and the developed SEM–LCA model can open up 
the perspective for new policy analyses within and outside the transport sector (e.g. envi-
ronment, public health, political opinion, social exclusion, etc.).
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